PREFACE
This report presents a portion of a larger investigation undertaken at Oak Ridge National Laboratory (ORNL) on the durability of polymeric composites for automotive structural applications. The ORNL project, which is entitled "Durability of Lightweight Composite Structures for Automotive Applications," is sponsored by the U.S. Department of Energy Office of Advanced Automotive Technologies.
The report supplements previously published results on the response of swirl-mat composites that appeared in ORNLiTM-1 3281 titled The Visco-Dainage Mechanical Response of Swirl-Mat Composites by L. V. Smith and Y. J. Weitsman. Additional background information related to this report can be found in Refs. 14 listed in Sect. 9.
The main purpose of this report is to demonstrate the applicability of a theoretically based methodology to model and predict the response of a class of randomly reinforced polymeric composites under consideration for automotive applications. Theoretical modeling and experimental investigations progressed interactively throughout this investigation, demonstrating the essential need for the systematic establishment of a comprehensive database conjointly with theory. 
RESPONSE
This report concerns the mechanical response of random glass fiber strand swirl-mathrethane matrix composite under static and cyclic loads as well as under elevated temperatures and exposure to distilled water. The article presents an extensive amount of experimental data as well as predictions based on a coupled damage/viscoelastic constitutive formulation generated to model the specific behavior of the material at hand. Damage evolution relations are derived from an empirical relationship. This work extends previously published results. It is shown that the current model has the capability to predict long-term response on the basis of short-term data and account for time-varying stresses and temperatures.
INTRODUCTION
A swirl-mat polymeric composite consists of preforms of glass-fiber strands that are swirled in a rrmdom circular pattern, which are injected with urethane resin by"a rapid SRIM process. A typical duration of the SRIM process is about 20s. A photo of the "dry" preform is shown in Fig. 1 . This composite is a model material for application in the automotive indust~.
This report presents information regarding the room-temperature response of the above composite under static and cyclic loading, as well as its static response at elevated temperatures and due to immersion in distilled water. Also included are an outline of a proposed model, which couples viscoelasticity with continuum damage theory to account for observed behavior, and comparisons between model predictions and experimental data.
An extensive program of nondestructive evaluation (NDE) was undertaken to inspect as-received and mechanically loaded coupons. This program, which is detailed in earlier works, 1'2 consisted of c-scan, SPATE, scanning electron microscope (SEM), confocal microscopy, and optical microscopy. Those inspections showed conclusively that swirl-mat polymeric composites contain a multitude of randomly distributed initial micro-cracks that are located between the individual fibers within the fiber strands, as well as between the strands and surrounding urethane matrix.
In response to mechanical loading, the above micro-cracks grow in a distributed fashion within the fiber strands and along the strand/matrix interfaces. A typical observation regarding the distributed manner of the aforementioned "damage" can be seen in the confocal laser scanning microscope images shown in Fig. 2. 
STATIC RESPONSE
The swirl-mat composite at hand exhibits a high degree of scatter in mechanical properties as well as a certain degree of orthotropy. In the roll direction (0°) the stiffness and strength were noted to vary from 7.6 to 11.4 GPa and from 115 to 194 MPa, respectively, while transversely to the roll direction (90°) these quantities were noted to vary between 10.5 and 12.1 GPa and from 125 to 219 MPa, respectively.
These variations are attributed to the inherent random nature of the swirl-mat preform that is compounded by the rapidity of the resin injection and curing process, which results in nonuniform wetting of the glass fibers. The ensuing material inhomogeneity is typified by a nonuniform spatial distribution of void volume fraction that may reach the value of Vv -5% in certain locations.
Nevertheless, it is interesting to note the existence of an obvious correlation between stiffness and strength which persists over the temperature range of -40°C < T S 121 'C (Ref. 3) , as shown in Fig. 3 . This rather remarkable relationship between stiffness and strength suggests that both may be governed by the same controlling factors, namely, spatial variability in fiber content and orientation, and a localized level of pre-existing internal damage, such as voids and disbonds. This notion is also supported by experimental observations of varying stress-strain response recorded at several stations along a single coupon subjected to a monotonically increasing load, as shown in Fig. 4 . Note that failure occurs under the strain gage associated with the location of lowest modulus. A better insight into the failure process is provided in Fig. 5 . This figure exhibits strain-to-failure (creep rupture) data recorded in a multigaged coupon subjected to a step load of 138 MPa at room temperature. Note the wide variation in initial stiffnesses (8.36 S E S 10.21 GPa) recorded at several stations along the specimen, with failure again occurring at the location of lowest stiffness (8.36 GPa) . It is illuminating to notice the sharp upswing in strain prior to failure at the aforementioned location, with a trace of such upswing noted at a nearby station. These observations suggest that the failure region is localized about the failed cross-section. It is also worth noting that similar localized upswings in strain, upon the approach of failure, were noted earlier under cyclic loading.3'* To recapitulate on some previous works, 1)2 it is mentioned that the experimental characterization program consisted of the application of step stresses of magnitudes Go, followed by their removal after timeintervals to,namely (1) with Go= 28, 41, 55, 69, 83, 97, and 110 MPa for durations of to = 1, 10, 30, 60, 100, 1000 min and, at some of the lower stress values up to 10,000 min. Creep and recovery strains were recorded during 0< t < t and to< t< kto (4 < k < 10), respectively. Replicate specimens were employed in many circumf stances. Note that the above durations to are much shorter than the failure time t,that, on the ( average, was tentatively related to stress by the empirical relation o = 16.6t_O"00 (Ref. 3) , with tĩn hours. f The experimental creep data can be expressed in the following power-law form:
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In Eq. (2) to <c tf,and time is in minutes. The values of Do ranged over 8.12 X 10-5 < Do c 11.02 x 10-5 MPa-l and those of D1 between 5.16x 10-6 < D1 < 11.79x 10-6 MPa-l rein-n, averaging at Do =9.12x 10-5 MPa-l and~= 8.00x 10+ MPa-l rein-n. This scatter is commensurate with the variations in recorded stiffnesses as noted earlier. Only small variations were noted in the power n about its average value of 0.086. The quantity Ka (c), which expresses scaled, stress-induced level of damage is given by2
where k. = 0.0035 MPa-l, 8 = 36 MPa, and ( ) are the McAuly brackets. Namely (x}=x, forx>O and(x) =0, forx<O. Finally, Sp denotes a damage-induced permanent strain, which is due to the internal roughness of opposing micro-crack surfaces that prevents their complete closure upon load removal. Such roughness was observed by means of optical microscopy. 1~2As may be expected, the scatter in &p is much larger than that of all other measured properties due to the highly random nature of the abovementioned roughness.
*In that case strains were recorded by means of a single extensometer. Upswings in strain data just prior to failure were noted in those specimens that failed within the extensometer's span.
Nevertheless, it was possible to assess &pby correlating it with the maximum strain Emax experienced by the material during its loading history, according to2
where KE = 0.051 and Ed = 4100~&. For the stress histories given by Eq. (l), &max =.E(tj ). The factor Ka (c) was determined individually for each test coupon by evaluating its initial compliance Do within the linear range, namely under stress O. <6, subsequently reloading the coupon to ISo >6 and evaluating its Du (cr,cr >~) unloading compliance Du. In this manner K. (CT)= accounts for damage-induced enhanceDfl (c, 0<~) ment of compliance (= stiffness reduction).
The power-law form in Eq. (2), which is limited to times t<< rf, does not predict the time of failureT o extend the range of validity of the foregoing form it is necessary to consider K= (G,t) , thusaccounting for the time-dependent evolution of damage caused by the growth of internal micro-cracks. The representation of such growth under sustained constant loading, which was indeed observed through optical microscopy, will be addressed in Sect. 3.
SOME ASPECTS OF MODELING AND RESPONSE OF DAMAGE COUPLED WITH VISCOELASTIC CREEP
As a background for the subsequent sections, this subsection provides an outline of a model based on fundamental principles of continuum mechanics and irreversible thermodynamics that accounts for a viscoelastic response coupled with distributed damage. Attention is focused on mechanisms typical of swirl-mat and random chopped-mat polymeric composites. Accordingly, it is assumed that molecular-level motions within the polymeric. phase dominate the creep, while damage is associated with micro-cracks at the fiber/ matrix interfaces. In view of the disparate geometric scales involving the above phenomena, it is considered that molecular motion may occur even at constant levels of damage. Consequently, the internal variables that represent moIecular motions can vary with time even at fixed values of the internal variables that account for damage. The complete formulation is given elsewhere.4~5
Let cD,S, T, and qi denote the Gibbs free energy, entropy, temperature, and heat flux, respectively; then the reduced entropy inequality reads qi?i >0 -6-&o@f--TLet yr (r= 1,..., N) denote scalar valued internal variables that represent the degrees of freedom of polymeric molecular motion and o.)abc~, chosen as a fourth-rank symmetric tensor,* accountfor the continuously distributed damage. A suitable form for the aforementioned coupled response can be obtained by letting @ = 0(60, Yr, COabcd,1") (Refs. 4 and 5) . A systematic manipulation of E@. (5) involves the following steps. Time is introduced into the response through the assumption that "resistance to molecular motion" (conjugate forces I'r) is caused by a viscouslike internal mechanism within the polymer, namely
Damage is introduced into the response through the assumption that the undamaged compliance '~kl are enhanced and modified by an appropriate tensor valued ftInCtiOn of aabcd. Thus, It can be shown4'5 that for isotropic materials and a one-dimensional case Eqs. (5)- (7) can lead to the following strain-stress expression:
In Eq. (8) D(t) denotes the linear viscoelastic compliance, and 1/(1 -co) is the substantially reduced form of P'~kl(@abcd) in Eq. (7). Note that 6/(1 -m) is the familiar "effective stress" encountered in continuum damage mechanics. However, since damage grows with time, the integrand in Eq. (8) involves two timedependent variables, CT(T)and co(~). In the context of the previous section it is possible to identify the short time value of 1 -(o with D@u. It is still necessary to complement the above considerations with a damage growth law expressing habcd, which in the present case would require that 1-O)= K~l (a; t). Though there exists a theoretical framework for relating damage growth rate mabcdby means of a scheme somewhat analogous to viscoplasticity,6 this formulation involves an additional set of functions and parameters that become intractable for the material at hand with its highly scattered data. It was therefore expedient to complement expression (8) with the empirical Kachanov-Robotnov expression:
Equation ( 
SOME OBSERVATIONS REGARDING CREEP RUPTURE AND DAMAGE GROWTH
While creep rupture per se falls outside the scope of this investigation,* this report presents additional, detailed data that were collected from multiply gaged samples in order to explore some features of damage growth in the composite considered herein.
The experiments utilized several 29-cm-long straight edge coupons and 20-cm-long, dog-bone shaped samples, with strains recorded between five and seven equally spaced locations over the coupons' lengths, with an additional strain recorded for each sample by means of an extensometer.
Typical results are shown in Fig. 5 , where numbers 2 through 5 refer to the strain gage location, starting from the top of the test specimen. The numbers on the right side provide the value of initial stiffness, as *Creep-rupture experiments were performed elsewhere at ORNL under this project. recorded within the linear stress range. Note the wide spread in strain data, which is consistent with the results shown in Fig. 4 . More significantly, the location of failure is associated with the position of lowest stiffness, with localization ranging within approximately 2 cm about the failed cross section. It can also be seen that strain rises sharply with time prior to failure at t= t = 686 min.
Focusing attention on the strain recorded at the failed location, it was attempted to relate its time dependence to growing damage, in addition to the effect of stress. As a first step the above strain was related by means of the power-law given in Eq. (2), which should well fit the short-time data.** A very good fit, up to t* = 140 rein, was indeed established by utilizing Do (ts) = 9.18 x 10-5 MPa-l, D1(a)= 1.30x 10-5 MPa-l rein-n and n = 0.12. Beyond t*creep data exceeded values predicted by the power-law expression, as shown in Fig. 6 . The excessive strain was attributed to damage growth.
Let g(t) denote the time-dependent portion of damage growth. Thus, for 0< t< tf one has
where g(0) = O. The last two terms on the right-hand side of Eq. (10) should account for the excessive strain noted in Fig. 6 .
Inspection of Fig. 6 suggests that g(t) should contain a combination of slowly varying and rapidly varying functions of time. This motivates the following representation:
with q>>p. Substitution of Eq. (11) A reasonable data fit for the effect of time-dependent damage growth was achieved by selecting, p = 2 and q = 40, A = 0.12, and B = 0.26. The resulting fit is shown in Fig. 6 .
The strain data exhibited in Fig. 6 suggest that for O c tc t*-140 rein, creep is dominated by viscoelastic polymeric motions as modeled by the power-law expression. Subsequently, deformation is enhanced by time-dependent microcrack growth that encounters several arrest mechanisms, as attested by the varying slopes in the strain-time data. The final stage is associated with an extremely rapid damage growth, which corresponds to crack coalescence and fiber breakage.
As remarked earlier, traces of the phenomenon shown in Fig. 6 are noted at the neighboring gages (3 and 4) as may be seen in Fig. 5 . Furthermore, note that at those neighboring locations, strains are predicted by the power-law expression (2) for times nearly up to failure. Consequently, it was possible to conclude that failure is localized within a region of -2 cm about the failed cross section. **Recall that Eq. (2) reflects the experimental observation thatfor short times Do and D1 do not depend on load duration.
These manipulations include a two-term Taylor series expansion of Ilp + n) about IQ) and similarly for r(q +~).
CYCLIC LOADING
This section expands a previous workl to a wider range of R ratios R =~minl~mm, amplitudes CTmm, and number of cycles. Although a similar methodology is employed here, the present formulation differs in detail.
Consider a "sawtooth" stress input as shown schematically in Fig. 7(a) , with a resulting strain output sketched in Fig. 7(h) . In the current study we had CTmax= 55,83 and 110 MPa, with R = O, 0.1, and 0.3. Also, the cycle duration was 2a = 1 s.
Damage qi was associated with the cyclically recorded compliance enhancement, S'i, which was evaluated during the unloading stages according to
In the above expression Do is the initial compliance in the linear range of response, and i = 0,1, ..., N = 2000 denotes the cycle number.* The experimental program utilized at least three replicate specimens for each set of R and am= values, for a total of more than 27 coupons. Coupon dimensions were 20 x 2.5 x 0.3 cm. Prior to cyclic testing all coupons were subjected to step loading within the linear range in accordance with Eq. (1) and with~. = 30 rein, followed by 90 min of recovery time. Creep and recovery data were recorded to determine the specific parameters Do and D 1 for each specimen. A common value of n = 0.086 was employed throughout, and strains were measured by extensometry.
It was possible to express qi by the following empirical, power-law relation:
Ti =1+ Awo +Awlim i=ol ,, ..., N,
where Awo, which depends on Omm alone, accounts for the damage caused during the first loading, while Awl and m, that depend on both Omm and R, represent the cyclic-induced damage. In Eq. In the viscoelastic formulation employed here it is advantageous to consider the cycle to cycle increments of damage. Thus, In view of the fact that most damage occurs near peak load levels, it is assumed herein that all cyclic damage is focused at CT =~max. This assumption greatly simplifies the subsequent mathematical computations. It also utilizes the only form of available damage data, as given in Eq. (13), because no information on damage growth during each load cycle is obtainable. Consequently, one has
i=l Consider now the sawtooth stress history shown in Fig. 7(a) . For computational purposes it is advantageous OL OU-OL 6 to introduce~= t -to, and~= G -6L, whereby the stress rate is r =~= =~, where o a a to = ka. The stress-time variation can be expressed by { r(; -2ia) 6(;) = ia<; <(2i+l)a i=o,l, .
-r[; -2(i + l)a]
(2i + l)a <; < 2(i + l)a resulting in
a(t) = rt[H(t) -H(t -to)]+ ?-toH(i) + t@)H(;) .
Upon a straightforward manipulation, one obtains
$ =r[H(t) -H(z -to)] + -@(i)
; thereby, (4), it is necessary to add the permanent component&p to &min. The predicted results for &mm and &tin vs number of cycles i are shown by the solid lines in Figs. 17-1 9 . Note the excellent agreement with the scaled deformation curves. Predictions do depart from data in those cases where failures occurred prior to 2000 load cycles. The obvious cause for the above discrepancy is due to the fact that expression (14) does not contain a failure criterion similar to that implied in Eq. (9).
TEMPERATURE EFFECTS
The effects of temperature on creep were investigated at T = 57"C, 88°C, and 121 'C at stresses~= 28,55,69, and 83 MPa, extending the previous room temperature data at T = 23°C (Refs. 1, 2). Prior to elevated temperature testing at stresses~that lie within the nonlinear range of response, each specimen was subjected to three preliminary tests at room temperature: (1) The application of a step-stress of 28 MPa, followed by its removal after 30 rein, and recording creep and recovery strains for a total period of 120 min. The purpose of this test was to establish the relative stiffness of the coupon at hand to scale out the variability in this parameter. (2) The application of an elevated stress o = G + 7 MPa for a period of 5 tin followed by 50-min recovery. The purpose of this test was to "stress condition" the coupon to delimit the instantaneous damage caused by loading into the nonlinear range. (3) The application of step-stress 6 = 5 for a period of 30 min followed by 300-min recovery. The purpose of this test was to establish the nonlinear creep response of the coupon at hand at room temperature. In this manner it was conceivably possible to separate out the imprints of the elevated stress~= d from the subsequent effects of elevated temperature.
At least three replicate specimens were tested at each level of stress and temperature. Results, scaled by the same factors Eok /~o as in the previous section, are shown in Figs. 20-22.
It turned out that the above results could be expressed as follows: (25) where Do (a, T) = Do KG(rJ)F(T) and D1(cr) = DIKO (0) 
log[aT (T) 
with Tin degrees Celsius. For fluctuating stresses and temperatures, the time-temperature analogy, when employed together with superposition, yields in the present case Preliminary creep and recovery data were collected at room temperature with five strain gages located at equally spaced positions along a coupon 20 cm long. These are shown in Fig. 26 . Note the wide disparity in deformation over the length of the coupon that, similarly to Fig. 4 , exhibits direct correlation with variability in local stiffnesses. Predictions were made with a specific value of Do that corresponded to the value recorded at a specific gage location in Fig. 26 . Creep and recovery data are collected by that gage at the fluctuating temperature shown in Fig. 27 . These results are in good agreement with a prediction calculated according to Eq. (28) . In the present circumstance that equation reduces to e(t; T) = {D#(r) + D1[~(t)]n } o + u AT .
J } e(t;czT) = Kc[G(t)] DoFIT(t)]@) + D1 :{~(t) -<(~)]n~dz + cdT ,
In addition, Fig. 27 provides a comparison between data and linear elastic analysis, demonstrating the limitations of the latter approach.
THE ABSORPTION OF DISTILLED WATER AND ITS EFFECTS ON DEFORMATION
This section provides information on the absorption of distilled water in swirl-mat composite coupons and the effects of such absorption on the stress-strain behavior of the material.
ABSORPTION OF DISTILLED WATER
The absorption of distilled water was recorded by periodic measurement of weight gain data in standard test coupons that were immersed in baths, which were maintained at three controlled levels of temperature: 22"C, 52°C, and 82°C. Weight gain measurements were performed at approximately equal intervals on the square root of timescale, which allowed for direct comparisons against predictions of classical linear (Fickian) diffusion theory. In most cases the test coupons were predned prior to immersion in distilled water until attaining equilibrium dry weights (typically, this predrying period lasted for about 7 weeks) . Typical results are shown in Fig. 28 , where the ORNL data were obtained for "as-received," rather than predried, samples. Note that, in contrast to predictions of classical diffusion theory,7 none of the weight gain data approached equilibrium levels. Furthermore, the sharp upswing of the 82°C data is an unmistakable indicator of permanent, irreversible fluid-induced damage in the polymeric composite. 8 It was possible to assess the magnitude of the fluid's diffusion coefficient D at all three levels of temperature by utilizing the short-term weight gain data and comparing them with classical diffusion predictions. Upon employment of a well-established methodology,g the values of D = D(T) can be evaluated and plotted in the standard format vs UT (T in degrees Kelvin) . Results are exhibited in Fig. 29 . Upon comparing these results against analogous values for epoxy-resin composites, it was concluded that the diffusion coefficient for the swirl-mat composite at hand exceeds the commonly encountered values by about one order of magnitude.
EFFECTS OF DISTILLED WATER ON DEFORMATION
The effects of distilled water on the creep and recovery response of the swirl-mat composites were evaluated by subjecting predried coupons to a step stress of 28 MPa followed by its removal at time to= 30 min and recording strains for a total period of 4to. Subsequently subgroups of the above mentioned coupons were immersed in distilled water at temperatures of 22QC, 52"C, and 82"C, respectively. The immersion times were -3600 h, 1200 h, and 900 h until attaining weight gain values of 2.2%, 2.4T0, and 4.970 for the foregoing three levels of temperature, respectively. All coupons were then cooled to 22°C and subjected to the same stress history as in their predried state. Creep and recovery strains were recorded and compared against their dry state levels. The wet coupons were then redried and subjected again to the original stress history to observe any lingering effects of past exposures to distilled water. Such effects were indeed noted in many cases through the observations of enhanced levels of creep and recovery strains, as compared with the originally dry circumstance.
Results for immersion at 22°C are shown in Fig. 30 , while those for immersion at 52°C are exhibited in Fig. 31 and those at 82°C are shown in Fig. 32 . All results demonstrate that exposure to distilled water enhances the deformation of swirl-mat composites. However, although this enhancement is undoubtedly more pronounced with increasing exposure temperature, the current data base does not suffice to quantify this temperature dependence due to excessive scatter in the experimental results, as shown in Fig. 33. 
CONCLUDING REMARKS
This work employed previously obtained short-time datal'2 on the static response of swirl-mat polymeric composites as well as a constitutive formulation to represent their coupled damage/viscoelastic behavior. 4 The above data were augmented by additional experimental results to exhibit the correlation between observed scatter in stiffness and failure localization. Subsequently, the constitutive formalism was utilized to relate experimental data for deformation under cyclic loading at several fixed levels of Omm and R ratios as well as to predict the response of the foregoing polymeric composite at several elevated temperatures, including fluctuating temperature histories. In all circumstances stress levels included both linear and nonlinear range of material response.
The main practical implications of the current work are that they demonstrate the capability of the model to predict long-term response on the basis of short-term data and its ability to account for timevarying stress and temperature histories. Fig. 5 . Data (000), prediction of "best tit" powerlaw (---), and prediction accounting for damage growth (---). T- 
